A systematic study of Schumann resonance parameters during high-energy particle precipitation events is presented. Protons and electrons with energies above 1 MeV ionize the upper boundary of the Earth-ionosphere cavity, leading to an increase of the resonance frequency and a decrease of the damping of the first Schumann resonance, as derived from measurements at Arrival Heights, Antarctica. The study uses the nine strongest solar proton events of the past solar cycle 22 and high-energy electrons emitted periodically from corotating interaction regions in the solar wind during 1994 -1995. The variation of the Schumann resonance parameters is in qualitative agreement with current theories of Schumann resonances. The study also shows that high-energy particle precipitation is not the only relevant source affecting Schumann resonance parameters. The reported findings constitute a so far little-explored aspect of solar terrestrial relations.
Introduction
Schumann resonances (SR) are resonant electromagnetic waves in the Earth-ionosphere cavity with a fundamental frequency of about 8 Hz and higher-order modes separated by ϳ6 Hz. After their prediction and theoretical discussion by Schumann [1952] they have been extensively studied during the past decades (e.g., Sentman [1995] , for a recent review). It is commonly assumed that cloud-to-ground lightning discharges from global thunderstorm activity are the main excitation sources of SR.
The Earth-ionosphere waveguide is defined by the conducting boundaries of the Earth's surface ( Ϸ 10 Ϫ3 S m
Ϫ1
) and the lower part of the ionosphere ( Ϸ 10 Ϫ4 -10 Ϫ2 S m Ϫ1 ) at ϳ80 km height, whereas the conductivity in between is very low with values Ͻ 10 Ϫ10 S m Ϫ1 (see Figure 4 below). Changes of the D region ionization lead to conductivity changes and may thereby modify parameters of the SR.
The regular diurnal variation of the D region ionization results from solar zenith angle variations. Superimposed strong ionization changes may occur, for example, during high-energy particle precipitation. They can enhance the D region electron density down to 60 -50 km altitude, depending on the particle energy [e.g., Collis and Rietveld, 1990; Schlegel, 1995] . Although these effects are long known and well understood, only a few papers have addressed the consequences for SR. Ogawa and Tanaka [1970] reported an anticorrelation between SR Q factors of the first two modes and sunspot numbers from observations between February 1976 and January 1968 . Sentman [1991 and Sentman et al. [1996] examined SR measurements from California and Australia during large solar storms in the fall of 1989. They found no measurable response in the SR intensities but also found a sudden decrease in Q factors of the second mode, which they attributed to small changes of the middle atmospheric conductivities by energetic particles. The present study continues and extends these early attempts to establish a correlation of solar activity and SR parameters, covering almost a whole solar cycle.
Schumann Resonance Data
The SR are measured as part of the Stanford ELF/VLF Radio Noise Survey, which provides a variety of information on the anthropogenic and natural electromagnetic environment [Fraser-Smith et al., 1991] . This study uses measurements of one horizontal magnetic component oriented in the geographic north-south direction at Arrival Heights, Antarctica (78ЊS, 167ЊE). The data analysis is based on half hourly sampled time series of 52 s lengths. The SR parameters resonance frequency, damping, and amplitude are derived by use of a robust version of the complex exponential algorithm [Füllek-rug, 1995] which relies on Prony's method [Marple, 1987] . This algorithm determines the SR parameters in three steps. (1) The autoregressive coefficients of the process are determined from the autocovariance function. (2) A z transform of the autoregressive coefficients yields the internal parameters of the resonance system, that is, the damping and frequency of the Earth-ionosphere cavity. (3) The parameters of the excitation source, that is, the amplitude and phase, are finally determined by fitting a damped oscillation with the specified frequency to the autocovariance function. In this way, the complex exponential algorithm determines all free parameters of the SR, and the frequency, in particular, while the conventional Fourier transform is restricted to a frequency resolution 1/T, determined by the length of the analyzed time interval T. The derived parameters of the SR may be used to describe their spectrum in the frequency domain where the frequency and damping are represented by the center and width of the spectrum, respectively. The accuracy of this complex exponential algorithm is mainly determined by the stationarity of the Copyright 1999 by the American Geophysical Union.
Paper number 1999JA900056. 0148-0227/99/1999JA900056$09.00 spectrum. Tests of the algorithm with varying time intervals T between 1 and 15 min indicated maximum variations of the SR parameters Ͻ 5%. It follows from the algorithm that the frequency and the damping of the SR are given in hertz and the amplitude is given in picoteslas. While the amplitude and phase describe the excitation of SR, the damping and the observed frequency are determined by ionospheric boundary conditions and the source-observer geometry. These parameters are summarized in daily mean values for this study.
High-Energy Particles
The term "high-energy" particles is used in different ways. Auroral keV particles, accelerated in the magnetosphere and precipitating during geomagnetic storms down to the thermal ionospheric plasma, are usually denoted high-energy particles. The subjects of this study, however, are particles with three to five orders of magnitude larger energies which are accelerated in the solar corona.
Protons with energies up to 100 MeV are most often emitted from the Sun in conjunction with solar flares [Ellison and Ramaty, 1985] . Proton emissions may persist for many days, while the duration of optical and X-ray flares is usually Ͻ1 hour. These solar proton events (SPE) cause additional ionization in the D region over large circular-shaped areas centered on the geomagnetic poles because of the influence of the geomagnetic field on the particles. This additional ionization causes radio blackouts [Satori, 1991] over these areas and was therefore called a polar cap absorption (PCA) event [Bailey, 1964] .
Together with strongly enhanced fluxes of high-energy protons, electrons with energies Ͼ1 MeV are usually emitted after flares. These high-energy electrons can also penetrate deep into the D region and cause additional ionization. They are often called solar electron events (SEE) or solar relativistic energy events in the scientific literature. Ionospheric effects caused by SPE and SEE can usually not be separated during the days following a flare.
Another class of high-energy electrons are accelerated in the corotating interaction regions (CIRs) of the solar wind [Andersen et al., 1995; Sarris and Krimigis, 1985] . These CIRs may be active at considerable distances from the Sun (several AU), so that the accelerated particles reach the Earth from the "back" (with respect to the Sun). CIRs are particularly well developed during the years of minimal solar activity and produce reoccurring bursts of high-energy electrons with a period of 26 -28 days caused by the solar rotation. These bursts were particularly well defined in the first half of 1994; the corresponding data are used in this study (section 5, Figure 3 ). In this case the ionospheric effects of the high-energy electrons can be clearly identified, because only one short-lived SPE was observed during this time period (February 1994; last line in Table 1 , horizontal bar in Figure 3 ). In the following text we keep the term SEE for convenience to describe these highenergy electrons, although the electrons are not accelerated directly on the Sun.
Proton and electron fluxes with E Ͼ 1 MeV are routinely measured with the space environment monitor system on board the GOES satellites. The data are available from the SPIDR database through the Internet (http://spidr.ngdc.noaa. gov:8080/production/html/GOES/index.html). Figure 1 shows two examples of the observed changes in SR parameters associated with SPE. The first row displays daily mean values of the proton flux F p . The events represent the strongest SPEs (in terms of peak particle flux) of the past solar cycle 22. . The sudden increase of the SR frequency is evident in the second row of plots. In both cases it amounts to about 0.12 Hz. The damping (third row of plots) indicates a slight decrease in both cases. Finally, the amplitude changes displayed in the fourth row are very distinct for the 1989 event but less clear for the 1991 event. Table 1 summarizes the results of an analysis of the 9 strongest SPE of solar cycle 22 (for another strong event in August 1989, no SR data were available). The duration of the events (column 2) was defined as the time interval during which the proton flux exceeded 300 counts cm Ϫ2 s Ϫ1 sr Ϫ1 . The results of our analysis indicated that fluxes below this limit did not cause any SR parameter changes. To estimate the changes of SR parameters for each individual event, the background was calculated as an average from at least 10 days before and after the indicated duration interval in Table 1. The parameter change was then calculated as the difference between the peak values during the event and this background. Long-term averages of the SR frequency, damping, and amplitude are 7.5 Hz, 0.5 Hz, and 1.0 pT, respectively. Again, it is obvious from the values of Table 1 that the peak flux on one hand and the changes of the SR parameters on the other hand are not perfectly correlated.
SPE-Related Changes to SR Parameters
Even though the strongest SPEs have been used, the changes in the SR parameters are small compared to their diurnal variation [Füllekrug, 1995] . Day-to-day variations of the D region electron density, for example, through mesospheric winds and planetary waves, and the SR frequency dependence on the distance to the lightning activity [Madden and Thompson, 1965] result in statistical fluctuations and may mask significant SR parameter variations.
In order to make the particle-induced changes of the SR parameters more clearly visible we have performed a superposed epoch analysis of the nine SPEs listed in Table 1 . For this purpose we used the day with the maximal proton flux as "key day." Figure 2 (left plots) clearly shows the mean decrease of the damping and the increase of the frequency and the amplitude compared to the SPE flux F p . Figure 3 shows the influence of SEEs on SR parameters. In the first plot, daily means of electron flux (E Ͼ 1 MeV) are plotted for the first 250 days of the year 1994. The periodicity of 26 -28 days resulting from the solar rotation is very pronounced in the first 180 days of this year; later, shorter periods dominate. The same periodicity can be ascertained in the frequency (second plot). It is superimposed on a systematic annual variation which has already been studied (for SR intensity: Märcz et al. [1997] ; for SR amplitudes: Satori and Zieger [1996] ). The solar rotation period is less pronounced in the third and fourth plots showing daily means of the SR damping and amplitude.
SEE-Related Changes to SR Parameters
In order to enhance the signal-to-noise ratio of the analysis we applied the superposed epoch analysis to 24 events during the years 1994 -1995, using the day with the strongest electron flux increase as key day. Figure 2 (right plots) shows the mean decrease of the damping and the increase of the frequency and amplitude compared to the electron flux F e . The observed SR parameter changes clearly exhibit the 26 -28 day solar rotation period. The deviation from the background for frequency and damping is approximately half as large as the deviation for the mean SPE event in the left plots of Figure 2 ; the amplitude deviation is even smaller. Note that the ordinates in Figure 2 cover the same range intervals for the SPE and the SEE in order to facilitate the comparison.
Discussion in Terms of Current Theories
According to a widely accepted theory proposed by Sentman [1990] , the SR frequencies can be expressed as
Here n is the mode number (only n ϭ 1, the first harmonic, is regarded here), c is the velocity of light, r e is a mean Earth radius, and h 1 and h 2 are two characteristic heights in the D region. At h 1 Ϸ 40-50 km the conduction and displacement currents are of the same order of magnitude and the atmospheric conductivity is ϭ 0 . At h 2 Ϸ 75-90 km the high atmospheric conductivity determines the reflection boundary where the local conductivity scale height s 2 approximately equals the inverse wave number of the mode; that is,
If we assume that the high-energy particle precipitation decreases the height h 2 by an amount ␦ because of the additional ionization,
and that h 1 remains approximately constant, then for the relative frequency increase it follows that
The amount of ␦ depends on the flux of the high-energy particles causing the additional ionization. Using ⌬f ϭ 0.12 Hz (from the October 1989 SPE), f ϭ 7.5 Hz, and h 2 ϭ 80 km yields ␦ g ϭ 2.5 km. The subscript g stands for global here, since the frequency increase is assumed to be a global effect. Figure 4 shows conductivity profiles for various conditions. Below 60 km the conductivity was taken from a model by Volland [1984] because actual measurements are rare. The undisturbed D region conductivity (dotted line) was estimated with the relation
using an electron density profile from the international reference ionosphere (IRI) for afternoon equinox conditions to calculate the ion and electron plasma frequencies i and e (assuming n i ϭ n e ). The collision frequencies i and e have been taken from Volland [1984, Figure 2.3] . During the main phase of the October 1989 SPE the EISCAT incoherent scatter facility in Tromsö, Norway, measured electron density profiles between about 50 and 90 km altitude [Collis and Rietveld, 1990, Figure 6] . Using this profile and (5) yields the conductivity profile indicated by a solid line in Figure 4 . Comparing this profile with the undisturbed one reveals that the conductivity level usually present at h 2 ϭ 80 km is downshifted by about 12 km during the particle precipitation. This value of ␦ seems to be a contradiction to the value of 2.5 km estimated above from the frequency increase. Both numbers can be reconciled however, regarding the following:
1. Sentmen's [1990] formula (equation (1)) applies only to globally averaged heights. The value of ␦ g ϭ 2.5 km derived via this formula therefore has to be regarded as a global height shift.
2. The particle precipitation occurs only over extended polar caps (compare section 3), and the European Incoherent Scatter (EISCAT) observations ( ϭ 69.4ЊN, ϭ 19.1ЊE) are within the area affected by the PCA precipitation. The value ␦ PC ϭ 12 km, derived from the density profile, applies therefore only to the polar cap.
If one further assumes that during the strong PCA event of October 1989 the polar cap extended down to about 55Њ latitude (this value is comparable with the extent of strong PCA effects obtained from measurements with riometer chains [Ranta et al., 1993] ), then the area of two of such extended polar caps amounts to about 20% of the total global D region. This number matches approximately the ratio of 2.5/12 of the two height shifts. This is, of course, a very crude approximation, but it points to the right direction. It should also be noted that during very strong SPE the height h 1 may be downshifted by a small amount as well. In this case our value of ␦ g would be underestimated.
A more quantitative explanation of the frequency shift needs a detailed global model with a nonuniform upper (ionospheric) boundary of the waveguide, which is not yet available. Galeis [1972] treated the case of day-night asymmetries but not the PCA case. The latter was studied by Bliokh et al. [1980] . According to their theory, the PCA event would cause a splitting of the SR modes, resulting in a somewhat reduced frequency. This is contradictory to our results. Figure 4 also displays a conductivity profile calculated for a strong SEE (dash-dotted line), again from EISCAT electron density data, obtained on April 13, 1994 (this day is marked in Figure 3 with a little arrow). The conductivity in the 65-80 km height range is quite similar to the one in the SPE case, which may explain the similar frequency increases during SPE and SEE. It should also be remembered that after solar flares, high-energy protons are almost in every case associated with high-energy electrons, while the SEE regarded here are not necessarily accompanied by high-energy protons. The conductivity profiles obtained during SPEs therefore contain, in most cases, ionization effects of SEE too.
The damping of the SR shows a clear decrease. This decrease may qualitatively be explained with reduced losses within the Earth-ionosphere cavity. A quantitative check is hardly possible because the damping depends on two unknown Sentman [1990] , the damping can be expressed as
If we use our results that D is slightly decreased during disturbed conditions, we can only infer that the two scale heights s 1 (around h 1 ) and s 2 (around h 2 ) must become flatter when h 1 (quiet) Ϸ h 1 (disturbed) and h 2 (quiet) Ϸ h 2 Ϫ ␦ (disturbed), in agreement with the profiles of Figure 4 . The large observed amplitude increase during the SPE can only be explained qualitatively. According to current understanding, the diurnal variation of the SR amplitude is mainly determined by the variability of global lightning activity. In addition, Sentman and Fraser [1991] attribute part of the mean This expression predicts an amplitude increase during particle precipitation, when h 2 3 h 2 Ϫ ␦. If we insert the above used numbers (h 2 ϭ 80 km, ␦ ϭ 2.5 km), however, the inferred amplitude change should only be about 1%; actually, it is up to 40% (see Table 1 ). Even an additional decrease of h 1 by a few kilometers would not explain the large observed amplitude changes.
The increase of SR amplitudes observed during high-energy particle precipitation events is relatively small compared to the diurnal variation which results from global lightning activity changes. It is commonly assumed that the ionosphere acts as a filter which divides the naturally occurring waves in magnetospheric micropulsations at frequencies Ͻ 4 Hz and ELF sferics of atmospheric origin at frequencies Ͼ 4 Hz. On the other hand, globally correlated amplitude variations of the SRs associated with the solar rotation period have been reported and attributed to geomagnetic activity [Füllekrug and Fraser-Smith, 1996] . In this view, the considered frequency range represents a transitional band where both excitation sources contribute to the wave phenomena observed at the surface of the Earth. Therefore the amplitude changes reported in this contribution may be also related to the local enhancement of highfrequency micropulsations associated with auroral keV electron precipitation. This will be subject to further studies.
Summary and Conclusions
The presented results show that SR parameters are indeed affected by energetic solar particles. In the case of solar proton events (SPE) (1) the SR frequency increases by about 0.04 -0.14 Hz, depending on the intensity of the proton flux, with respect to a mean value of ϳ7.8 Hz, (2) the SR damping decreases by about 4 -10% from a mean value of ϳ0.5 Hz, and (3) the SR amplitude increases by several 10% from a mean value of ϳ1.1 pT. Whereas the frequency increase and the damping decrease can by qualitatively explained by current theories, we cannot provide a satisfactory explanation for the amplitude increase.
In the case of solar electron events (SEE) the character of the SR parameter variations is the same, but their magnitude is considerably smaller. This can be explained by the fact that the electrons affect the conductivity profile less than the protons do (see Figure 4) . The effects reported here represent a channel of solar terrestrial relationships which was not sufficiently studied before. Since SR parameter variations can be measured at any place on Earth, provided the man-made interference is sufficiently low, the consequences of high-energy particle precipitation events may be globally observable. In contrast, the D region ionization enhancements of SPE and SEE are relatively localized, depending on latitude and, in the case of the electrons, also on local time. Although we do not see any major impact of this channel of solar influence on Earth, its study is nevertheless important in order to complete our understanding of the various aspects of solar terrestrial relations. 
